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ABSTRACT: The introduction of three β-oxosubstituents to octaethylporphyrin by
means of an oxidation/rearrangement reaction generates the trioxopyrrocorphin
chromophore. Pyrrocorphins (hexahydroporphyrins) are generally nonaromatic, but
we recently demonstrated trioxopyrrocorphins to possess considerable aromatic
character. This contribution explores the photophysical characteristics of these unusual
chromophores. In agreement with density functional theory modeling, the UV−vis and
magnetic circular dichroism spectra of the two�out of the four possible�triketone
regioisomers investigated conform to the Gouterman model of porphyrinoid optical
spectra, in alignment with their aromaticity. Their excited-state dynamics shed further
light on the degree to which β-oxo substitutions tune the photophysical properties of
porphyrinoids. Introduction of β-oxo functionalities increases the rate and yield of
intersystem crossing and shortens the triplet state lifetime. Unexpectedly, the singlet
oxygen generation yield of both pyrrocorphins remains relatively high, with modes of
distortion from planarity likely enhancing triplet energy transfer. This work thus
expands our understanding of a rare class of porphyrinoids and further characterizes them as sustaining aromatic porphyrinic π-
systems. Our findings suggest triple β-oxo substitution as a viable route toward the development of novel, high-singlet oxygen yield
porphyrinic photosensitizers.

1. INTRODUCTION
Porphyrinic chromophores have high and tunable absorption
cross-sections in the visible spectral range. They are thus key
to the development of, for instance, novel photocatalytic and
light-harvesting materials. Finding effective ways to fine-tune
porphyrins is therefore essential.
The chromophores of porphyrins are characterized by the

presence of a Hückel-aromatic 18 π-electron system, cross-
conjugated with two additional double bonds. This arrange-
ment is typically described as the porphyrinic 18 + 4 π-
system (Figure 1). Sequential reactions that convert one, or
both, of the cross-conjugated β,β′-double bonds to single
bonds generate dihydro- and tetrahydroporphyrins, respec-
tively, of the chlorin, bacteriochlorin, or isobacteriochlorin
classes.1−6 The resulting 18 + 4, 18 + 2, or 18 π-electron
systems of the (hydro)porphyrin chromophores are the origin
of their characteristic electronic properties, as well as their
broad utility as, e.g., dyes, sensors, redox noninnocent metal
chelators, or photosensitizers.7,8 The removal of an additional
double bond from the tetrahydroporphyrins typically results
in the interruption of the aromatic 18 π-electron system. The
hexahydroporphyrin chromophore may either be in its
pyrrocorphin form (2,3,7,8,12,13-hexahydroporphyrin) or in
its tautomeric porphyrinogen (5,10,15,20,22,24-hexahydro-

porphyrin) leuco form (not shown).6 Classic studies have
suggested that the free base hexahydroporphyrins exist
preferentially in the porphyrinogen tautomeric form, while
their nickel(II) complexes prefer the pyrrocorphin form.9−15

Studies of synthetic β-alkylpyrrocorphins, such as 1Ni, by
Battersby and coworkers,16 Smith and Simpson,17 or Lahiri
and Stolzenberg,10 were inspired by the pioneering work by
Eschenmoser and coworkers who recognized pyrrocorphins as
intermediates in the biosynthesis of vitamin B12 (Figure
2).9,11−15

More recently, examples of pyrrocorphins or pyrrocorphin
analogues of the meso-tetrakis(pentafluorophenyl)porphyrin
series emerged.10,18−21 For instance, triple-cycloaddition
formed pyrrocorphins 2/2Ni;19 reduction of a bacteriochlor-
in-type bisadduct also realized a pyrrocorphin.21 The
electronic properties of the pyrrocorphins received only
minimal attention.

Received: May 14, 2023
Revised: August 18, 2023
Published: September 10, 2023

Articlepubs.acs.org/JPCA

© 2023 American Chemical Society
7694

https://doi.org/10.1021/acs.jpca.3c03184
J. Phys. Chem. A 2023, 127, 7694−7706

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
TE

N
N

ES
SE

E 
K

N
O

X
V

IL
LE

 o
n 

Ju
ne

 4
, 2

02
4 

at
 1

7:
14

:0
5 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sayantan+Bhattacharya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dustin+E.+Nevonen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+J.+Auty"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arthur+Graf"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Appleby"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nivedita+Chaudhri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nivedita+Chaudhri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dimitri+Chekulaev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christian+Bru%CC%88ckner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adrien+A.+P.+Chauvet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victor+N.+Nemykin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victor+N.+Nemykin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.3c03184&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c03184?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c03184?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c03184?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c03184?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c03184?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpcafh/127/37?ref=pdf
https://pubs.acs.org/toc/jpcafh/127/37?ref=pdf
https://pubs.acs.org/toc/jpcafh/127/37?ref=pdf
https://pubs.acs.org/toc/jpcafh/127/37?ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpca.3c03184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org/JPCA?ref=pdf


An alternative way to modify the porphyrinic cross-
conjugated double bonds is to introduce β-oxo-functionalities
into β-alkylporphyrins. One simple method is their treatment
with hydrogen peroxide when dissolved in concentrated
sulfuric acid.22−27 This classic, 90-year-old reaction,22 when
applied to octaethylporphyrin (OEP), generates one β-
oxochlorin, five isomers of the corresponding β,β’-dioxo-
chromophores, as well as two out of the four possible β,β′,β″-
trioxopyrrocorphins (3-O2,7,12 and 3-O2,7,18), in addition to
other products.23−29 The chemical, coordination, and physical
properties of β-oxochlorin have long been investi-
gated.27,30−47 More recently, the chemistry and photophysical

properties of the dioxo-derivatives were the subject of several
studies, revealing the large impact of the β-oxo-substituents
on the electronic properties of the porphyrinic chromo-
phore.45,47−54 Remarkable regiochemical influences were
revealed in porphyrinic chromophores carrying multiple β-
oxo-substituents,28,47,53,55,56 including the meso-arylporphodi-
lactones.57−60

Among the β-oxoporphyrinoids, the triketones stand out as
the least studied compound class. The nickel and copper
complexes of the isomeric trioxopyrrocorphins 3-O2,7,12 or 3-
O2,7,18 were prepared, and their structure, axial binding
properties, and electrochemical properties were stud-
ied.48,49,61,62 We recently described the preparation of the
hitherto unknown regioisomers of the triketones and revealed
their unique electronic properties.29,47 They are, against
expectations for regular pyrrocorphins, aromatic, with the
regioisomers varying significantly in their degree of
aromaticity. As a reduction of one or two oxo-groups led
to a degradation of the aromaticity, the aromatic nature of
the trioxopyrrocorphins could be unambiguously linked to
the presence of the β-oxo-substituents.47
We previously investigated the electronic effects of one and

two β-oxo-substitutions on the benchmark compound OEP;
we showed that the effects of β-oxosubstitution were additive,
with, for example, a two-fold increase in the intersystem
crossing (ISC) rate per substitution.56 This effect was
correlated to the increase in spin−orbit coupling due to the
out-of-plane vibration of the extra carbonyl group.
The present work explores the spectroscopic properties of

triply-oxosubstituted octaethylporphyrinoids.29 Along with
their steady-state absorption, emission, and magnetic circular
dichroism (MCD) spectra, we present their excited-state
dynamics using transient UV−vis and transient IR spectros-
copy of the two most readily accessible pyrrocorphin
triketone isomers 3-O2,7,12 and 3-O2,7,18. The spectral
properties are correlated with density functional theory
(DFT) and time-dependent-DFT (TDDFT) calculations of
their electronic structures. This work thus furthers the
understanding of the tuning effects of the auxochrome β-
oxo functionalities, in general, and of the electronic properties
of β-trioxopyrrocorphins, in particular. The findings are
expected to be generalizable beyond OEP-derived β-oxo-
porphyrins.

2. EXPERIMENTAL SECTION
2.1. Materials. The two β,β′,β″-trioxopyrrocorphin

isomers 3-O2,7,12 and 3-O2,7,18 were prepared by oxidation
of OEP according to our recent report.29

2.2. Photophysical Methods. 2.2.1. Steady-State UV−
Vis and Fluorescence Spectroscopy. Steady-state UV−vis
and fluorescence measurements (including excitation-emis-
sion spectra) were performed in CH2Cl2 on a Carry 60 UV−
vis spectrometer and a FluroMax spectrophotometer,
respectively. Fluorescence quantum yields were determined
relative to that of meso-tetraphenylporphyrin.63

2.2.2. Emission Lifetime and Transient UV−Vis Absorp-
tion Spectroscopy. All samples were degassed using multiple
freeze-pump-thaw cycles before measurements. Samples were
held in 2 mm path-length quartz cells and were continuously
stirred during experiments using a magnetic stirring system.
Emission lifetime has been measured using Mini-Tau lifetime
spectrometer (Edinburgh Instruments). Femtosecond to
nanosecond transient absorption (TA) spectroscopy has

Figure 1. Framework structures of the hydroporphyrin classes are
indicated. Aromatic π-systems are highlighted in red, and cross-
conjugated double bonds are in blue. Conjugated but nonmacro-
cycle-aromatic π-systems are in green.

Figure 2. Framework structures of the hydroporphyrins indicated.
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been performed in a commercial TA spectrometer (Helios,
Ultrafast Systems) in the Lord Porter Ultrafast Laser
Laboratory, Sheffield. Nanosecond to millisecond TA spec-
troscopy has been performed in a home-built setup in the
same location. Details of the methods were reported earlier.56

A full description of the methods has been provided in the
Supporting Information.
2.2.3. Singlet Oxygen Quantum Yields. The quantum

yield of singlet oxygen production, ϕ1O2, by β-trioxopyrro-
corphins in acetonitrile solution was measured directly by
detecting the emission from photo-generated singlet oxygen
at 1275 nm. The ϕ1O2 value was determined relative to a
standard, perinaphthenone (ϕ1O2 = 100%).64 Details of the
method have been provided in the Supporting Information.
2.2.4. Time-Resolved IR (TRIR) Spectroscopy. TRIR was

performed at the Lord Porter Ultrafast Laser Spectroscopy
Laboratory, University of Sheffield. A Ti:Sapphire regener-
ative amplifier (Spitfire ACE PA-40, Spectra-Physics)
provided 800 nm pulses (40 fs FWHM, 10 kHz, 1.2 mJ).
400 nm pulses for sample excitation were generated through
frequency doubling of a portion of the amplifier fundamental.
The broadband mid-IR probe pulse, centered at 1700 cm−1,
was produced by an automated commercially available optical
parametric amplifier equipped with a difference frequency
mixing stage (TOPAS, Light Conversion), seeded by a
portion of the amplifier fundamental. Further details have
been provided in the Supporting Information.
2.2.5. MCD Spectroscopy. MCD data were obtained using

a Jasco V-1500 spectropolarimeter (1.5 T electromagnet).
Two spectra were recorded for each sample, one using a
parallel field and the other using an antiparallel field. Spectral
intensities were expressed as molar ellipticity per T.65−67

2.2.6. Computations. All DFT and TDDFT calculations
were performed using the Gaussian 09 software.68 The
starting geometries for all compounds, computed as their
octamethyl derivatives X′, were optimized using B3LYP;69

then M0670 was used for the DFT and TDDFT calculations.
For geometry optimizations and TDDFT calculations, a 6-
311G(d) basis set was used for all atoms. In calculations of
the relative energies of the tautomeric forms, a larger 6-
311+G(d,p) basis set was used for all atoms. The solvent
effects were modeled using the Polarizable Continuum Model
(PCM) approach71 using CH2Cl2 as a solvent.72 The
equilibrium geometries were confirmed with the frequency
calculations and, more specifically, by the absence of
imaginary frequencies. The QMForge73 program was used
to compile molecular orbital contributions from the single-
point calculations.

3. RESULTS AND DISCUSSION
3.1. Steady-State Absorption and Emission Proper-

ties. The steady-state absorption and emission spectra of the
two β,β′,β″-trioxopyrrocorphin isomers 3-O2,7,12 and 3-O2,7,18

are typical for aromatic porphyrinic chromophores, with a
strong Soret band and a structured Q-band region, but also
showing differences between the two isomers (Figure 3); the
spectra conform to previous reports and are reiterated here
for context.26,27,29

In comparison with its isomer, the spectrum of 3-O2,7,12 is
generally less defined, has lower absorptivity, has a more
blue-shifted longest wavelength of absorption (λmax), and has
a much larger intensity ratio between the Soret band and the
longest wavelength Q-band (λmax). It was also found to carry

a smaller diatropic ring current, as shown by the smaller
spread between the diatropic shifts of the 1H NMR signals of
the inner NH and peripheral β-H atoms; in other words, 3-
O2,7,12 is less aromatic than 3-O2,7,18.29 The correlation
between the relative position of λmax and the degree of
aromaticity confirms a previous assessment by Zhang, Sessler,
and coworkers.74

Both trioxo-compounds are emissive, with the small Stoke’s
shift characteristic of other aromatic tetrapyrroles:29 the
fluorescence quantum yield ϕf of 3-O2,7,12 is 0.15, that of 3-
O2,7,18 is 0.08 (the photophysical data are summarized in
Table 1). The emission yield of the “less aromatic” isomer
3O2,7,12 is higher, and the emission bands are broader than
the sharp emission of isomer 3O2,7,18.29

3.2. Emission Lifetimes. Emission kinetics of the two
trioxopyrrocorphin isomers 3-O2,7,12 and 3-O2,7,18 were
determined using time-correlated single photon counting
(TCSPC) measurements (Figure 4). The emissions decay
monoexponentially with lifetimes of 3.4 ± 0.1 and 2.7 ± 0.2
ns for 3-O2,7,12 and 3-O2,7,18, respectively. Following the
cascaded electronic relaxation scheme of free base porphyrins,
chlorins, and dioxochlorins,56,75,76 these decay times can be
attributed to the singlet lifetime of S1(Qx). We previously
found the emission lifetimes to decrease by half with each
oxo-substitution, from 11 ns for the parent OEP, to 5.5 ns
for the monooxochlorin, to 1.5−3.3 ns for the dioxochlor-
ins.56 The emission lifetime for the triketones thus remains
similar to those observed for the dioxochlorin isomers.
Accordingly, we observe a limit on the tuning of the emission
lifetime by means of the number of β-oxosubstituents
introduced into the chromophore.
From these lifetimes, we computed the radiative and

nonradiative rates for both isomers using kr = ϕf/τS and ∑knr
= (1 − ϕf)/τS, where ϕf is the experimentally determined
fluorescence quantum yield and τS is the singlet lifetime; the
values for ϕf, τS, and ∑knr are listed in Table 1.

Figure 3. Normalized absorption and emission spectra (CH2Cl2,
room temperature) of the trioxopyrrocorphin isomers are indicated.
Excitation emission spectra are provided as Supporting Information
(Figure S-1).
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3.3. MCD Spectra. The major spectroscopic features in
the UV−vis and MCD spectra of triketones 3-O2,7,12 and 3-
O2,7,18 resemble those in the spectra of porphyrins, their β-
oxo-derivatives, and other porphyrinoid analogues (Figure
5A).28,77−82 Consequently, we will use porphyrin-related
assignments in the description of the spectra.
In case of 3-O2,7,12, the lowest energy band at 683 nm was

assigned to correspond to a Qx transition. This band is
associated with the MCD B-term of negative amplitude at
685 nm. Three overlapping bands at 630, 606, and 562 nm
are associated with three MCD B-terms observed at 631, 604,
and 563 nm. The most intense band at 606 nm, associated
with the lowest energy MCD B-term of positive amplitude,
was assigned as the Qy transition. A Qx−Qy splitting energy
of 0.24 eV follows from this assignment. The UV−vis
spectrum of 3-O2,7,12 is dominated by two bands in the Soret
region, at 426 and 409 nm. These bands are associated with
MCD B-terms of negative amplitude at 427 and 406 nm.
The lowest energy band in 3-O2,7,18 is at 727 nm,

significantly red-shifted compared to the corresponding
band observed for the 3-O2,7,12 isomer. This band is
associated with an MCD B-term of negative amplitude at
724 nm; it was assigned as the Qx transition. Four UV−vis
bands at 688, 664, 623, and 585 nm are associated with
MCD B-terms at 693, 659, 624, and 583 nm. Again, the
lowest energy MCD B-term with a positive amplitude at 624

nm was assigned to the Qy transition. The energy difference
between Qx and Qy bands in 3-O2,7,18 is 0.27 eV, i.e., 13%
larger than that observed for the 3-O2,7,12 isomer. In the
Soret band region of the optical spectrum of the 3-O2,7,18

isomer, three bands at 458, 425, and 407 are the most
prominent. They are associated with two MCD B-terms of
negative amplitude, observed at 462 and 428 nm. No clear
MCD signal is associated with the band at 407 nm.
According to the perimeter model that proved to be very

useful for the interpretation of the MCD spectra of a wide
variety of porphyrinoids,83−88 the negative-to-positive sequen-
ces (in ascending energy) for the Qx and Qy transitions in 3-
O2,7,12 and 3-O2,7,18 are indicative of a ΔHOMO > ΔLUMO
relationship when using the classic Gouterman’s four-orbital
description (whereby ΔHOMO is the energy difference
between Gouterman’s a1u and a2u occupied orbitals and
ΔLUMO is the energy difference between Gouterman’s eg(x)
and eg(y) pair of unoccupied orbitals in the standard D4h point
group notation).7,89 As will be shown below, DFT
calculations correlate well with this interpretation.

3.4. Computations. To better rationalize the photo- and
magnetophysical properties observed for triketones 3-O2,7,12

and 3-O2,7,18, we conducted DFT calculations on all possible
tautomers (Table 2).
It is well known that the choice of exchange-correlation

functional can affect the calculated relative energies of the
tautomers;90−97 we use the M06 functional known to provide
low errors (typically within 1.5−2.0 kcal/mol) for the
computed thermochemical data for a large variety of organic
compounds. The expected tautomer with two NH protons
located on the opposite five-membered rings (one pyrrolic
and one oxopyrrolic ring) has the lowest energy. The other
three theoretically possible NH tautomers (tautomers 2−4)
possess ∼5.3−7.3 kcal/mol higher energies. This essentially
eliminates their presence in the ambient temperature solution
equilibrium mixture. The NH−NH tautomers 1−4 can also
be transformed into NH−OH tautomers O1−O3, but their
energies are even significantly higher than those of NH−NH
tautomers.
Interestingly, the DFT-predicted energy diagram for the

lowest energy tautomers of 3-O2,7,12 and 3-O2,7,18 (Figure 6)
and the frontier orbitals for these two isomers (Figure 7)
resemble those in the parent OEP.28

In particular, the HOMO and HOMO-1 resemble classic
Gouterman’s a1u and a2u orbitals, respectively, while the
LUMO and LUMO+1 resemble the pair of Gouterman’s eg
orbitals (in a standard D4h point group notation). The DFT-
predicted energy gap between LUMO and LUMO+1 in 3-
O2,7,12 is significantly smaller compared to the corresponding
gap in 3-O2,7,18 isomer. More importantly, with agreement to
the MCD spectra discussed above, the DFT predicts a
ΔHOMO > ΔLUMO relationship for the frontier orbitals for

Table 1. Photophysical Data (in Degassed CH2Cl2) of the Two Trioxopyrrocorphin Isomers Indicated

sample Soret bands (nm) Q-bands (nm) τS (ns) ϕf
a ϕISC

b kr (s−1) ∑knr (s−1)c kISC (s−1)d ϕ1O2
e

3-O2,7,12 405, 425, 465 565, 605, 634, 685 3.42 ± 0.01 0.15 0.46 4.5 × 107 2.5 × 108 1.7 × 108 0.58 ± 0.16
3-O2,7,18 425, 459 580, 625, 665, 689, 725 2.67 ± 0.02 0.08 0.92 3.2 × 107 3.4 × 108 2.7 × 108 0.59 ± 0.09

aFluorescence quantum yield has been calculated by reference against meso-tetraphenylporphyrin (ϕf s 0.13 in CH2Cl2).
34 Errors are ±5% for ϕf.

bTo measure the yield of S1 → Tn intersystem crossing, we compared the bleach amplitude of the ground-state absorption bands due to Tn at the
asymptote of the S1 decay with the bleach amplitude due to S1 immediately after the excitation. Probe wavelength has been chosen where there is
negligible absorption in S1 → Sn and T1 → Tn. Errors are ±12% for ϕISC.

c∑knr = (1 − ϕf)/τS. dkISC = ϕISC/τS. eSinglet oxygen quantum yield was
measured by direct detection of the emission from photo-generated 1O2 at 1275 nm.

Figure 4. Time-correlated single photon counting (TCSPC)
measurements of the emission spectra (degassed CH2Cl2) of the
trioxopyrrocorphin isomers are indicated; λexcitation = 400 nm.
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3-O2,7,12 and 3-O2,7,18, as also shown by the MCD
measurement.
TDDFT calculations on triketone isomers 3-O2,7,12 and 3-

O2,7,18 were conducted to reveal the nature of the excited
states and possibly align the major transitions with Gouter-
man’s four-orbital theory. In general, the TDDFT-predicted
spectra correlate well with the experimental data (Figure 5B).

In case of the 3-O2,7,18 isomer, TDDFT predicted that the
Qx (at 686 nm) band is dominated (∼90%) by a HOMO →
LUMO single-electron transition (Tables 3 and 4), while the
Qy band (predicted at 614 nm) is dominated by a HOMO
→ LUMO+1 single-electron transition. TDDFT-predicted
energy separation between Qx and Qy bands (0.24 eV)
correlate well with the experimentally observed value (0.27
eV); their predicted energies are within 0.1 eV to the
experiment.
TDDFT predicts two major transitions for the 3-O2,7,18

isomer in the Soret band region. The lower energy transition
(at 459 nm) correlates well with the 450 nm band observed
experimentally and is dominated by a HOMO-1 → LUMO
single-electron excitation. The second transition, predicted at
422 nm, matches the experimentally observed band at 425
nm, and is dominated by the HOMO-1 → LUMO+1 single-
electron excitation band.

Figure 5. (A) Experimental UV−vis and MCD spectra of the pyrrocorphin triketones are indicated (all in CH2Cl2) and plotted against
wavelength. (B) Experimental UV−vis, TDDFT-predicted UV−vis, and experimental MCD spectra of the pyrrocorphin triketones are indicated
and plotted against wavenumber.

Table 2. Relative Energies of All Possible Tautomers of 3-
O2,7,12 and 3-O2,7,18 Compounds Predicted by DFT
Calculations (M06 Functional)

tautomera
relative energies, kcal/mol

3-O2,7,12 3-O2,7,18

1 0 0
2 6.59 6.02
3 5.33 6.65
4 7.34 6.97
O1 33.57 31.44
O2 34.39 33.01
O3 33.51 31.94

aTautomer 1: NH on pyrrolic and NH on opposite β-oxopyrrolic
rings; tautomers 2 and 3: NH on pyrrolic and on NH adjacent β-
oxopyrrolic rings; tautomer 4: two NH on opposite β-oxopyrrolic
rings; tautomer O1: NH on pyrrolic and OH on opposite β-
oxopyrrolic rings (this transforms it from NH C�O to N and C−
OH); tautomers O2 and O3: NH on pyrrolic and OH on the adjacent
oxo functionality (this transforms it from NH C�O to N and C−
OH). A graphical representation of all the tautomers considered is
presented in the Supporting Information.

Figure 6. DFT-predicted energy-level diagrams for the two
trioxopyrrocorphins are indicated.
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Similarly, TDDFT predicts that the Q-band region in the
3-O2,7,12 isomer is dominated by HOMO → LUMO and
HOMO → LUMO+1 single-electron excitations, while the
Soret band region is dominantly HOMO-1 → LUMO and
HOMO-1 → LUMO+1 single-electron excitations. The
TDDFT-predicted Qx−Qy energy splitting is significantly
underestimated (∼0.02 eV), but still within the typical error

for TDDFT methods. Thus, TDDFT predicts that the major
transitions in 3-O2,7,12 and 3-O2,7,18 isomers can be described
using Gouterman’s four-orbital model.7,89 This is another
indication of the presence of the (unexpected) aromatic
system in these pyrrocorphin triketones.29

3.5. Transient Absorption Spectroscopy. TA spectra
have been collected on degassed solutions of trioxopyrrocor-
phin isomers 3-O2,7,18 (Figure 8) and 3-O2,7,12 (Figure 9) in
the fs to ms regime.
For both compounds, TA spectra consist of the ground-

state bleach (GSB) peaks superimposed on the broad positive
excited-state absorption (ESA) bands. The TA signals of both
isomers show similar features to those of the octaalkyl-β,β′-
dioxochlorins studied previously.56 In case of triketone 3-
O2,7,18, singular value decomposition (SVD) of the fs−ns
kinetics (Figure 8b,c) reveals time constants of 2.4 ± 0.1 ns
and a nondecaying component, which coincide with the 2.6
± 0.1 ns and 66 ± 1 μs components extracted from the ns−
ms probe kinetics (Figure 8e,f). In accordance with the
TCSPC results, the ns-component is attributed to the S1
fluorescence lifetime. The 66 μs-component is attributed to
the lowest triplet state lifetime. When comparing the decay-
associated spectra (DAS) derived from SVD, the discrepancy
in relative amplitude between the two DAS in Figure 8c,f is
most probably an artifact of the analysis: the 2.6 ns DAS
(Figure 8f) is too close to the ∼1.5 ns instrument response
function. One can, however, appreciate the agreement
between the derived DAS spectral features between the fs−
ns and the ns−ms experiments.
In case of triketone 3-O2,7,12, the fitting of the fs−ns probe

kinetics in Figure 9b revealed time constants of 4.2 ± 0.1 ns
as well as a longer-living component, both of which coincide
with the 4.3 ± 0.2 ns and 68 ± 3 μs monitored in the ns−ms
probe kinetics (Figure 9e). In accordance with the TCSPC
results for the 3-O2,7,18 isomer, the ∼4 ns-component is
attributed to the S1 emission lifetime. The 68 μs-component
is thus attributed to the triplet state lifetime.

Figure 7. DFT-predicted frontier MOs for the trioxopyrrocorphins
indicated. For details, see Supporting Information.

Table 3. Selected TDDFT-Predicted Excited States of 3-
O2,7,12 Using the M06/6-311G(d) Method

excited
state

wavelength
(nm)

energy
(eV)

oscillator
strength, f % contributions

1 637 1.946 0.2824 H → L + 1 (82%), H-1 → L
(13%), H → L (4%)

2 630 1.967 0.2979 H → L (87%), H-1 → L + 1
(9%), H → L + 1 (4%)

3 442 2.806 0.8432 H-1 → L (69%), H → L + 1
(12%), H-1 → L + 1 (10%),
H → L + 2 (8%)

4 435 2.851 0.9979 Η-1 → L + 1 (74%), Η-1 → Λ
(13%), Η → L (8%), Η → L
+ 2 (3%), Η → L + 1 (2%)

6 390 3.178 0.4879 H → L + 2 (88%), H-1 → L +
1 (6%), H-1 → L (4%)

15 300 4.136 0.1784 H → L + 3 (97%)
19 285 4.344 0.1333 H-6 → L (37%), H → L + 4

(24%), H-6 → L + 1 (20%),
H-7 → L (11%), H-7 → L +
1 (6%)

25 260 4.771 0.1743 H-1 → L + 3 (94%)
28 250 4.950 0.1677 H-1 → L + 4 (56%), H → L +

5 (36%)
29 248 5.008 0.1346 H → L + 5 (46%), H-1 → L +

4 (39%), H-4 → L + 2 (8%)

Table 4. Selected TDDFT-Predicted Excited States of 3-
O2,7,18 Using the M06/6-311G(d) Method

excited
state

wavelength
(nm)

energy
(eV)

oscillator
strength, f % contributions

1 686 1.807 0.3910 H → L (91%), H-1 → L + 1
(7%)

2 614 2.019 0.1481 H → L + 1 (75%), H-1 → L
(22%), H → L (2%)

3 459 2.700 1.1300 H-1 → L (74%), H → L + 1
(23%), H → L + 2 (3%)

5 422 2.936 0.8982 H-1 → L + 1 (90%), H → L
(8%)

7 375 3.309 0.3891 H → L + 2 (94%), H-1 → L
(2%)

13 318 3.904 0.1187 H → L + 3 (78%), H-1 → L +
2 (15%), H-7 → L (2%)

19 287 4.321 0.1402 H → L + 4 (76%), H-6 → L
(9%), H-7 → L (6%), H-1 →
L + 3 (3%), H-6 → L + 1
(3%)

23 269 4.604 0.3379 Η-1 → Λ + 3 (81%), Η-6 → L
+ 1 (7%), Η-7 → L (4%), Η
→ L + 5 (3%), Η → L + 4
(3%)

27 252 4.920 0.1060 H-1 → L + 4 (63%), H → L +
5 (32%)

29 244 5.072 0.1555 H → L + 5 (59%), H-1 → L +
4 (32%), H-7 → L + 1 (2%)
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The negative feature at 685 nm for triketone 3-O2,7,12

(Figure 9a) shows a redshift within picoseconds and a
subsequent blueshift over the remaining time window. This

shift of the transient bleach signal, which was not captured by
the SVD analysis, is representative of vibrational cooling via
solvent coupling. Similar shifts were previously monitored for

Figure 8. Transient absorption spectra recorded for triketone 3-O2,7,18: (a) fs−ns and (d) ns−ms regimes, along with full probe kinetics in the
(b) fs−ns and (e) ns−ms regimes. The decay-associated spectra (DAS) calculated from singular value decomposition (SVD) are shown for both
the fs−ns (c) and ns−ms (f) experiments. Note that the “non-decaying” component in (c), which corresponds to the 66 μs DAS in (f), is
labeled as such because it cannot be resolved within the fs−ns delay range. Also note that the spectral window in the ns−ms experiments was
restricted to >430 nm. See Supporting Information for experimental and fitting details.

Figure 9. Transient absorption spectra recorded for triketone 3-O2,7,12: (a) fs−ns and (d) ns−ms regimes along with full probe kinetics in the
(b) fs−ns and (e) ns−ms regimes. The decay-associated spectra (DAS) calculated from singular value decomposition (SVD) are shown for both
the fs−ns (c) and ns−ms (f) experiments. Note that the “non-decaying” component in (c), which corresponds to the 66 μs DAS in (f), is
labeled as such because it cannot be resolved within the fs−ns delay range. Also note that the spectral window in the ns−ms experiments was
restricted to >430 nm. See Supporting Information for experimental and fitting details.
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OEP, chlorin, and dioxochlorins.56 It is also interesting to
note that the negative spectral feature around 600 nm in
Figure 6a, which appears “instantaneously” (i.e., during the
excitation pulse duration), does not evolve in the ps range.
The stability of this signal suggests that the singlet and triplet
states have similar spectral shapes and strengths in this
region.
The ISC rates, kISC, for each chromophore were computed

using the experimental S1 lifetimes as well as the ISC
quantum yields (ϕISC) calculated from the ns−ms TA data
(Table 1). We compute kISC rates of 1.7 × 108 and 2.7 × 108
s−1 for 3-O2,7,12 and 3-O2,7,18, respectively. This represents a
3.5-fold and near 6-fold increase, respectively, when
compared to the kISC rate of 4.75 × 107 s−1 of the parent
OEP.56 The triplet lifetime in both trioxopyrrocorphin
isomers is similarly reduced to 65−70 μs, as was also
predicted in our earlier studies of the dioxochromophores.56

Indeed, we have shown that the carbonyl out-of-plane
vibration of the β-oxo substituents causes the Tn − S0
energy difference to decrease and the corresponding spin−
orbit coupling matrix elements to increase. Accordingly, we
expect crossings between the Tn and S0 potential energy
surfaces at high carbonyl vibrational angles, leading to a
decrease in triplet state lifetimes in the trioxo-substituted
chromophores.
3.6. Singlet Oxygen Quantum Yields. The quantum

yield of singlet oxygen production (ϕ1O2) by both β-
trioxopyrrocorphin isomers 3-O2,7,12 and 3-O2,7,18 (in
acetonitrile) was measured directly by detection of the
emission from photo-generated singlet oxygen, at 1275 nm.
We determined ϕ1O2 to be high and essentially identical for
both isomers, at ∼0.6 (0.58 ± 0.16 and 0.59 ± 0.09,
respectively). Generally, the singlet oxygen quantum yield
depends on the efficiency of the ISC (ϕISC), the triplet

lifetime, and the efficiency of the energy transfer from triplet
state of a photosensitizer to ground-state oxygen.98,99 Both
compounds possess similar triplet lifetimes (68 μs and 66 μs,
respectively). However, the triketone 3-O2,7,12 has a ϕISC
yield (ϕISC = 0.46) that is about half that of 3-O2,7,18 (ϕISC =
0.98). Hence, to compensate for this ϕISC disparity, the
energy transfer efficiency, from triplet state to triplet oxygen,
of 3-O2,7,12 must be twice that of 3-O2,7,18. In other words,
the energy transfer efficiency for 3-O2,7,12 must be near-unity.
Conformational effects may rationalize the differences in

energy transfer efficiencies between the two isomers. Indeed,
distortions from planar structures have been pointed out as
an essential factor for the triplet energy transfer to oxygen:
while the porphyrin T1 vibrational ground-state energy is
close to the energy needed for the excitation of ground to
singlet state oxygen, the electron spin exchange mechanism is
most efficient if the energy discrepancy is minimized (ideally,
resonance condition) by out-of-plane distortions.100 We thus
suspect the macrocycle excited-state conformation of 3-O2,7,12

to be more distorted than that of 3-O2,7,18. Alternatively, the
higher yield for the energy transfer process from the
chromophore triplet state to ground-state oxygen could also
be due to excited-state aromaticity reversal.101,102 If such was
the case, we would expect a stark modification of the C�C
stretch vibrational mode, while in the excited state. However,
our transient IR measurements were not conclusive on this
matter (see below).

3.7. Steady-State and Transient FTIR Spectra. As
expected of macrocycles bearing multiple β-carbonyl groups,
their solution state-steady state fourier-transform infrared
(FTIR) spectra display multiple, overlapping absorption
bands in the region between 1500 and 1850 cm−1 (Figure
10a,d and Table 5). To aid in their assignment, a Lorentzian
decomposition into the underlying vibrational bands was

Figure 10. Experimental solution state (CH2Cl2) FTIR (a, d) and DFT-predicted IR modes of the pyrrocorphin triketones indicated (b, e), all
on an energy scale. TA spectra from time-resolved IR measurements at representative time delays following excitation with a 400-nm excitation
pulse (c, f, g); arrows indicate the direction in which the spectra evolved. For experimental details, see Supporting Information. Both the
compounds have been kept under vacuum for a few hours to minimize the effect of water absorption at 1606 cm−1. FTIR spectra of 3-O2,7,18

and 3-O2,7,12 have been measured after exposure to different degrees of vacuum, showing that the high vacuum condition is suitable to remove
most of the adsorbed water (Figure S-2 in the Supporting Information).
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applied. DFT calculations have also been performed, and the
experimental Lorentzian fitted peaks can be matched to the
DFT-based oscillator frequencies (Figure 10b,e and Table 5).
DFT modeling predicts C�C stretching modes near

∼1584 and ∼1569 cm−1 for 3-O2,7,12 and 3-O2,7,18,
respectively. In the case of 3-O2,7,12, the peak at 1697 cm−1

is assigned to single carbonyl stretching, whereas the 1706
and 1714 cm−1 peaks correspond to in-plane out-of-phase
and in-phase C�O stretching modes, accordingly (see
Supporting Information Figure S-3a−c). Similar modes for
3-O2,7,18 have been predicted at 1698, 1702, and 1711 cm−1

(see Figure S-4a−c).
Following excitation at 400 nm, the TRIR absorption

spectrum of 3-O2,7,18 is characterized by bleach signals at
1584 and 1712 cm−1, which coincide with the ground-state
IR absorption bands at 1581 and 1704/1717 cm−1,
respectively (Figure 10c). These bleach signals sit on top
of ESA bands with distinct features at 1535, 1657, and 1690
cm−1. The latter bleach and ESA signals decay concomitantly
with the rise of new ESA bands at 1606 and 1677 cm−1 with
a time constant of 2.6 ns (see Supporting Information Figure
S-5). These growing ESA features are thus ascribed to the
formation of the triplet state.
The corresponding TRIR spectra of isomer 3-O2,7,12 show

similar bleaching signals corresponding to ground-state
absorption bands at 1572, 1601, 1712, and 1727 cm−1.
Prominent ESA bands are present at 1533 and 1625 cm−1.
The presence of ESA bands that are about equal in amplitude
to the bleach signals indicates a clear restructuring of the
macrocycle conjugated π-system while in the excited state.
Because these large ESA bands are present at both early and
later times, they are characteristics of both the singlet and
triplet state of the molecule. In comparison with 3-O2,7,18, the
TRIR signals of 3-O2,7,12 are marked by more intense and
more distinct ESA features, which could be ascribed to a
more distorted excited state. In turn, a more distorted
conformation would help explain the near unity energy
transfer from the molecule’s triplet state to singlet oxygen
previously discussed. However, to draw a direct correlation
between the shape of the IR spectra and the molecule’s
planarity requires further modeling of the molecule’s excited
state.
It is also possible to estimate the triplet yield using the

present TRIR data. The partial recovery of the GSB at ∼1710
cm−1 in the ns regime directly reflects the proportion of
singlet excited-state molecules returning to the ground state,
while the remaining GSB signal is ascribed to the triplet
states. Thus, assuming that both singlet and triplet states have
similar extinction coefficient in this spectral region (see

Supporting Information for details), we computed a triplet
yield of ∼0.82 for 3-O2,7,18 and ∼ 0.43 for 3-O2,7,12. These
data are in good agreement with the previous ISC yields
calculated from TA experiments (i.e., 0.98 and 0.46,
respectively).

4. CONCLUSIONS
The ground and excited-state photophysical properties of two
positional isomers of the octaethyltrioxopyrrocorphins, 3-
O2,7,12 and 3-O2,7,18, were probed experimentally using UV−
vis, MCD, fluorescence spectroscopies, and time-resolved
optical and FTIR measurements. Their interpretation was
supported using DFT and TDDFT approaches.
The data presented suggest that the electronic structure of

3-O2,7,12 and 3-O2,7,18 isomers resemble, on a qualitative level,
the electronic structure of the parent OEP. Correspondingly,
the UV−vis spectra of the two pyrrocorphin triketones can be
rationalized on the basis of Gouterman’s four-orbital model
and are reflective of HOMO/HOMO-1 → LUMO/LUMO
+1 single-electron excitations, with a ΔHOMO > ΔLUMO
relationship for 3-O2,7,12 and 3O2,7,18. Also, the excited-state
properties are comparable to those of the aromatic diketone
analogues. The ISC rates are 1.7 and 2.7 × 108 s−1 for 3-
O2,7,12 and 3O2,7,18, respectively, and the triplet state lifetime
is about 70 μs for both triketones. On the one hand, the sum
of this (partially known)29,103 body of evidence further
cements the view that these triketones sustain aromatic,
porphyrin-like π-systems, even though a nonaromatic
pyrrocorphin-like macrocycle π-structure could have been
expected. On the other hand, the similarities between the
excited-state dynamics of the tri- and di-ketones imply that
the limit of the ability to tune the porphyrinic chromophore
of OEP by means of β-oxo substituents was reached at the
disubstitution level. However, while a third β-oxo substitution
does not affect the excited-state dynamics beyond those
observed for the diketones, it seems to play a key role in the
ability of the triketones to generate singlet oxygen. The
singlet oxygen yield of both triketones remains high, about
60%. The additional β-oxo substitution results in a more
pronounced static or dynamic deviation from planarity, which
might enhance the process. The present study thus reinforces
the influence of β-oxo substitution and calls for further
investigation of this class of molecules as photosensitizers.
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Table 5. Transient FTIR Data of the Trioxopyrrocorphin
Isomers Indicated

sample
ground-state

bleaches (cm−1)
initial ESA band
(cm−1) (lifetimes)

ESA bands at 3800
ps (cm−1)

3-
O2,7,18

1584, 1535 (2.6 ns), 1606,
1712 1657 (2.6 ns), 1677

1690 (2.6 ns)
3-
O2,7,12

1571, 1533 (78 ns), 1550,
1598, 1685 (78 ns), 1584,
1711 1539 (4.3 ns), 1630,

1625 (4.3 ns), 1667
1688 (4.3 ns)
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